One in 10 newborns will be born before completion of 36 weeks' gestation (premature birth). Infection and sepsis in preterm infants remain a significant clinical problem that represents a substantial financial burden on the healthcare system. Many factors predispose premature infants for having the greatest risk of developing and succumbing to infection as compared with all other age groups across the age spectrum. It is clear that the immune system of preterm infants exhibits distinct, rather than simply deficient, function as compared with more mature and older humans and that the immune function in preterm infants contributes to infection risk. While no single review can cover all aspects of immune function in this population, we will discuss key aspects of preterm neonatal innate and adaptive immune function that place them at high risk for developing infections and sepsis, as well as sepsisassociated morbidity and mortality.
AbsTrACT
One in 10 newborns will be born before completion of 36 weeks' gestation (premature birth). Infection and sepsis in preterm infants remain a significant clinical problem that represents a substantial financial burden on the healthcare system. Many factors predispose premature infants for having the greatest risk of developing and succumbing to infection as compared with all other age groups across the age spectrum. It is clear that the immune system of preterm infants exhibits distinct, rather than simply deficient, function as compared with more mature and older humans and that the immune function in preterm infants contributes to infection risk. While no single review can cover all aspects of immune function in this population, we will discuss key aspects of preterm neonatal innate and adaptive immune function that place them at high risk for developing infections and sepsis, as well as sepsisassociated morbidity and mortality.
InTroduCTIon
Early-life infection is a significant cause of global morbidity and mortality. Long-term, often lifelong, neurodevelopmental impairment increases the burden on healthcare systems. Distinct immune function in preterm infants is a significant contributor to infection risk. Here, we will highlight key aspects of preterm neonatal immune function that place them at high risk for developing infections and sepsis.
InnATe ImmunITy
The first line of innate defence against infection is the physical barrier (skin and mucosa) that prevents or delays the entry of pathogens. During the third trimester, fetal sebaceous glands in the skin produce a lipid-rich material called vernix caseosa ('cheesy varnish') that hydrates the skin, maintains the pH and contains a defined subset of functionally active antimicrobial proteins and peptides (APP). 1 Premature infants often do not have vernix caseosa, because its production begins during the third trimester. There is a wide time frame (weeks) for attainment of skin barrier function after birth, with more premature infants taking longer than those born closer to term. Preterm stratum corneum is thinner and contains higher levels of involucrin, albumin and proinflammatory cytokines than term stratum corneum. 2 The immaturity of the premature stratum corneum is exacerbated by the insults (vascular access devices and adhesives) inflicted as a part of lifesaving intensive care. Reducing skin breeches and attention to maintenance and prompt removal of central venous lines are key to prevention of nosocomial infections.
The mucosal barrier (respiratory and gastrointestinal (GI)) plays a critical role in the protection of the host from microbial invasion with pathogenic organisms while benefitting from the necessary interaction with commensal organisms. The conducting airways contain secretory epithelial cells (eg, mucus-producing goblet cells) as well as neuroendocrine cells, non-ciliated Clara cells and ciliated epithelial cells. These cells form the mucociliary escalator that moves particles, toxicants, mucus and trapped microbial content away from the alveoli. The relative abundance of goblet cells (peaks at mid-gestation) in conjunction with fewer ciliated cells results in decreased mucociliary clearance in premature infants compared with term infants. Diminished lung expression of pathogen-sensing molecules such as Toll-like receptor (TLR) 4 (cognate receptor for lipopolysaccharide) and TLR2 (receptor for peptidoglycan) correlates with the inability of neonatal animals to recruit neutrophils in response to TLR ligand challenge, also contributing to morbidity from pulmonary infections. Preterm infants exhibit reduced APPs in tracheal aspirates as compared with term infants. The surfactant proteins SP-A and SP-D produced by type II alveolar cells belong to the collectin family of innate host defence proteins. These proteins, absent from commercial preparations of surfactant, bind a wide variety of pathogen-associated molecular patterns (PAMP), and increase clearance of pathogens by enhancing opsonisation and killing by alveolar macrophages. 3 Exogenous surfactant therapy stimulates endogenous surfactant production; however, longitudinal studies of exogenous surfactant administration in premature infants with respiratory distress syndrome (RDS) have shown that it takes 48-72 hours for SP-A and SP-D levels to become similar to non-RDS controls. 4 Taken together, these facets leave the preterm infant vulnerable to significant morbidity from early-life pulmonary inflammation and infection.
Multiple factors including human milk contribute to the barrier function of the GI mucosa. Peristalsis, gastric acidity, luminal mucus secreted by goblet cells in the crypts, the intestinal epithelial cell layer, IgA, the underlying lamina propria that contains a diversity of innate immune cell types and the intestinal microbiome are active participants in host defence. Decreased motility in preterm infants secondary to incomplete innervation of GI motor complexes increases the dwell time for intraluminal bacteria, promoting bacterial overgrowth and increasing the opportunities for translocation review through the epithelial layer. H2 blockers, which are associated with sepsis and necrotising enterocolitis (NEC), reduce gastric acidity that normally reduces the number of pathogens that reach the distal GI tract. Intestinal permeability in the premature gut is increased as a result of dysregulation of tight junction proteins, which are preserved by small molecules such as butyrate and glutamine. As in the respiratory tract, specialised goblet cells in the intestine secrete mucins that contribute to the mucus layer, which also contains APPs secreted by Paneth cells. Some APPs are constitutively expressed (eg, defensins and lysozyme), others are induced in response to microbial products (eg, Reg3g and angiogenins). Infection risk is increased secondary to reductions in lamina propria lymphocytes, secretory IgA, intestinal epithelium repair capacity, mucus and APP production as compared with adults. Intestinal TLRs that recognise PAMPs, and their associated signalling pathways such as nuclear factorkappa B and heat shock proteins, are developmentally regulated, 1 resulting in a highly immune-reactive intestine that likely contributes to the development of sepsis and NEC.
The microbiome shapes the innate immune system and is necessary for effective barrier function. Significant differences in the composition of the microorganisms that comprise the GI microbiome have been found based on mode of delivery, breast feeding versus formula feeding and exposure to antibiotics in the neonatal period. 5 Premature infants have an intestinal microbiome that contains fewer Bacteroidaceae and more Lactobacillaceae than term infants, explained in part by developmental immaturity of the glycosyltransferase enzyme system that regulates glycosylation of intestinal epithelial cell receptors bound by colonising bacteria. 6 Empirical antibiotic therapy in the first postnatal days correlates with a microbiome that has lower microbial diversity, and prolonged early empirical antibiotic therapy is associated with increased risk of sepsis, NEC and death. 7 Preterm infants may experience restricted enteral feedings or limited exposure to breast milk that collectively increase the risk for infection. Breast milk contains many bioactive molecules that provide innate immune function to the newborn including antimicrobial peptides (cathelicidin, lactoferrin), lysozyme and specific secretory IgA (sIgA), which contribute to resistance against enteric pathogens. Milk oligosaccharides that are digested to short-chain fatty acids in the colon promote the growth of probiotic commensal organisms and stimulate plasma cells to produce sIgA, anti-inflammatory cytokines (interleukin (IL)-10, transforming growth factor beta (TGFβ)) and growth factors such as epidermal growth factor. The importance of human milk in neonatal intestinal host defence is evidenced by the reduction in sepsis, NEC and death in preterm infants fed breast milk, both mother's own milk and donor breast milk, compared with formula. 8 
Inflammatory response elements
Once the barriers have been breached, pathogens gain access to local tissues and have the potential to enter the bloodstream, leading to widespread dissemination, a systemic inflammatory response and sepsis. Inflammatory response elements of the innate immune system are critical to help activate local innate immune cells, as well as contain and destroy the pathogen. Examples of these elements include cytokines, chemokines, acute-phase reactants, APPs and the complement system.
Cord blood levels of APPs such as bactericidal/permeability increasing protein (BPI), cathelicidin (LL-37), secretory phospholipase A2 and human β-defensin 2 are significantly decreased in preterm compared with term infants, while others (calprotectin, human neutrophil defensins 1-3, HNP1-3) are decreased in cord blood of neonates of all gestational ages compared with adult. 9 The complement system encompasses three pathways for pathogen recognition that converge on the complement component C3 and lead to a common terminal lytic pathway. Complement cascade factors also play a significant role in priming the adaptive immune system, promoting inflammation and activating the clotting cascade. Serum complement activity is decreased in term newborns compared with adult, and further diminished in preterm infants. 10 This decreased activity has largely been attributed to global decreases in complement effectors and inhibitors, with preterm levels ranging from 10% to 80% of adult levels and remaining low until up to 1 year of age. 10 Notably, C7 is one of the few complement factors not synthesised in the liver (it is predominantly synthesised by neutrophils), and its levels even in preterm infants are close to those in adults. Lytic activity of neonatal neutrophils is augmented when cocultured with adult serum while lytic activity of adult neutrophils is diminished in the presence of neonatal serum. 11 The lectin pathway of complement functions in the absence of antibodies by recognising conserved carbohydrate structures on pathogens leading to opsonisation and phagocytosis, making it an important pathway in antibody-deficient neonates. The best characterised molecule that activates the lectin pathway is mannose-binding lectin (MBL). Common polymorphisms exist at the MBL locus, leading to reduced circulating MBL levels (present in about one-third of the population). Low MBL levels are associated with pneumonia and sepsis in premature infants. 12 Inflammatory response proteins serve to activate the innate immune system and to opsonise pathogens for clearance by innate immune effector cells. Importantly, the process of pathogen clearance requires far more than just opsonising antibody or complement. The combination of ineffective production of these factors and orchestration of both inflammatory response factors with the cellular innate immune system is a major contributor to infectious risk in the preterm infant.
Cellular innate immunity
Neutrophils are phagocytic cells that play a crucial role in controlling microbial infections. The range of neutrophil counts considered normal in preterm and term infants over the first few days of life is very wide. 13 Neonates have limited neutrophil storage pools which increases the risk of neutropenia with significant infection. Unfortunately, use of recombinant granulocyte or granulocyte-monocyte colony-stimulating factor as either prophylaxis or treatment of sepsis has not been effective in reducing mortality in preterm neonates.
14 On sensing an infection, neutrophils must travel from the bloodstream to the site of inflammation (chemotaxis), leave the vasculature (diapedesis), find and engulf the invading pathogen (phagocytosis) and destroy it via bactericidal activity in the phagolysosomes. Deficiencies in each of these functions have been documented in preterm infants and likely contribute to infectious risk. 15 To exit the bloodstream, neutrophils must roll along the vascular endothelium, an activity mediated by the selectins (L-selectin on neutrophils and P-selectin on the endothelium). Compared with adults, neonatal neutrophils express less than half the L-selectin on their cell surface than adult neutrophils 16 and preterm endothelium has decreased P-selectin expression. 17 Basal expression of β2 integrins (Mac-1 (CD11b/CD18) and LFA-1 (CD11a/ CD18)) is required for arrest of rolling and adhesion to the endothelium but these are decreased on preterm neutrophils and not upregulated in response to a stimulus. 18 Diapedesis through review the endothelial lining requires the ability to deform/reform the actin cytoskeleton, which is impaired in neonatal neutrophils. 19 Once at the site of infection, neutrophils phagocytose microbial products that are coated with either complement or specific antibody; these complexes are recognised by complement receptors (eg, Mac-1) and Fcγ receptors. 20 The decreased phagocytic capability of preterm neutrophils 21 can be explained in part by low opsonising activity, as adult neutrophilic phagocytosis is diminished in preterm serum. Once the neutrophil has ingested the pathogen, it is killed primarily via β-nicotinamide adenine dinucleotide 2′-phosphate, reduced (NADPH) oxidase-dependent respiratory burst. Although term neonates have a largely intact respiratory burst, preterm neonates (especially those that are critically ill 22 ) display decreased respiratory burst and killing on exposure to group B Streptococcus, Staphylococcus and Pseudomonas. 23 The expression of other bactericidal molecules in neutrophilic granules, such as lactoferrin, myeloperoxidase and BPI, is also decreased in preterm neutrophils. 1 Finally, neutrophils also trap bacteria by extruding DNA, chromatin and antibacterial proteins by forming neutrophil extracellular traps (NET). However, NET formation is diminished by NET inhibitors present in cord blood of preterm and term neonates. 24 Monocytes, macrophages and dendritic cells are antigen-presenting cells that secrete inflammatory mediators (cytokines, complement, APPs), have phagocytic function and present antigen to T and B cells, linking the innate and adaptive arms of the immune system. These cells have a similar expression pattern of TLRs as adults but a cytokine response that is skewed towards a Th17 profile (IL-6, IL-23) and away from a proinflammatory Th1 profile (low interferon gamma (IFN-γ), IL-12 and tumour necrosis factor alpha (TNFα)) in favour of Th2 cytokines (IL-5, IL-10, IL-13). 9 Preterm monocytes exhibit decreased chemotaxis and phagocytosis during infection, 25 and have decreased upregulation of costimulatory molecules (MHCII, CD40, CD80, CD86) necessary for successful antigen presentation to and activation of T and B lymphocytes.
1 Natural killer (NK) cells play a significant role in the host defence to a variety of infections, especially those caused by viruses. Fetal and neonatal NK cells are phenotypically and functionally immature with significant reductions in IFNγ and TNFα production as well as reduced cytotoxic function. 26 
AdApTIve ImmunITy
In general, the adaptive immune system can be separated into cell-mediated responses (eg, T helper cells (Th, CD4 + ) and cytotoxic T cells (CTL, CD8 + )), humoral responses (eg, immunoglobulins) and immunoregulatory functions (eg, T regulatory cells (Tregs)). Because immunological tolerance to the growing fetus is critical for a successful pregnancy, several immune mechanisms that likely contribute to neonatal infectious risk are in place to limit the maternal response to microbial invasion at the materno-fetal interphase.
Depending on the cytokine milieu, CD4 + T cells can differentiate into Th1 (IL-12 and IFN-γ), Th2 (IL-4), Th17 (IL-6+TGF-β) or Treg (TGF-β+retinoic acid+IL-2) cells. Th1 cells produce IL-2 and IFN-γ and are involved in cellular immunity, Th2 cells produce IL-4, IL-5 and IL-13 and are involved in humoral immunity, while Th17 cells produce the proinflammatory cytokine IL-17, and Tregs are immune suppressor cells. Consistent with their limited exposure to foreign antigens, most T cells in the healthy neonate are immature with limited capacity to produce cytokines. With increasing postnatal age, the proportion of effector CD4 + T cells rises and effector memory T cells generated during infancy are functionally similar to those of adults. 27 Effective T cell function depends on CD40 ligand (CD154) expression, which is reduced on preterm and term CD4 + T cells, and important for the activation and differentiation of antigen-specific CD4 + T cells including those with Th1 immune function. 28 Naive CD4 + T cells derived from cord blood have reduced activation and impaired early Th1 differentiation including IFN-γ production compared with peripheral blood naive CD4 + T cells from healthy adults. 29 IFN-γ production by stimulated naive cord blood CD4 + T cells is reduced 5 to 10-fold relative to adult CD4 + T cells, which may play a role in persistent viral infections acquired in utero like human cytomegalovirus (HCMV) or Zika virus. 30 Similarly, CD4 + T cell proliferation and cytokine production (IL-2 and IFN-γ) are delayed in neonatal herpes simplex virus infection compared with adults with primary infection. 31 Intrinsic limitations in CD4 + T cell function may also explain less robust immune responses to inactivated and life vaccines during early infancy. In contrast, IFN-γ production by stimulated naive cord blood CD8 + T cells can be considered similar in neonates and adults. 30 In addition, following congenital HCMV infection differentiated CD8 + T cells showed potent perforin-dependent cytolytic activity and produced antiviral cytokines. 32 Of interest HIV-specific CD8 + T cell responses can be detected in the first days of life in most in utero-infected infants, 33 which is encouraging for immunisation efforts targeting in utero responses. Tregs are forkhead box protein 3-expressing CD4 + T cells that are CD25
high and CD127
−
. They are abundant in the peripheral blood and tissues of the human fetus and preterm infant, suppress fetal antimaternal immunity and persist at least until early adulthood. 34 Proportions of Tregs in cord blood of preterm infants may be higher compared with healthy term neonates.
b cells/immunoglobulins
On stimulation, activated B lymphocytes differentiate into plasma cells, which produce large amounts of antibodies. During this process, B cells are able to change from IgM to other antibody isotypes (IgG, IgA, IgE), a process known as class switching, without changing antigen specificity. The inability of the neonate to effectively class switch, or produce antibodies in response to polysaccharides, 35 limits resistance to bacterial pathogens to which the mother has made little or no IgG antibody. Because the transfer of antibodies is interrupted after premature birth as the majority of maternal IgG transfer occurs in the last trimester, IgG concentrations are significantly lower in preterm infants and reach a nadir already at 2-3 months of age. However, multiple clinical trials of prophylaxis or treatment with polyclonal IgG, IgM-enriched IgG, or monoclonal antibody preparations in over 10 000 babies have not demonstrated benefit. 36 IgA, IgD, IgM and for most cases IgE do not cross the placenta in significant amounts. IgA-producing plasma cells are largely absent in the infant intestine until after 1 month of age. 37 Balanced microbial colonisation of the newborn intestine may be critical for normal intestinal immune development and IgA induction 38 and low IgA levels in the preterm intestine have been considered a risk factor for NEC. Infants mount relatively poor quality and low titre antibody responses to primary viral infections. However, a lack of somatic mutations rather than fetal bias of the B cell repertoire may be the limiting determinant of good-quality antibody responses to viruses in neonates. 39 Immunisation with protein antigens such as tetanus and diphtheria toxoids or hepatitis B surface antigen induces lower antibody titres during the first weeks of life especially in very low birthweight infants but not subsequently. Thus, chronological age and body weight are likely more important determinants of antibody responses to T cell-dependent antigens than gestational age.
review Therapeutic opportunities
Maternal and neonatal interventions including attention to handwashing, targeting early extubation and enteral feeding, as well as prompt removal of central lines have dramatically reduced infectious burden in neonates over the last few decades. Currently, the most promising opportunities for therapeutic intervention to reduce sepsis in premature infants involve judicious antibiotic stewardship and promotion of human breast milk feedings to promote a healthy microbiome and support appropriate maturation of the developing immune system. The development and discovery of novel effective therapeutic approaches that will further reduce infection among preterm infants is likely to result from: (1) better understanding of human neonatal-specific immune function and ontogeny (cannot assume neonatal immunity is the same as adults), (2) maternal and neonatal vaccination strategies, and (3) neonatal immune priming approaches (maximising human milk feeding, non-specific effects of early-life vaccination, healthy microbiome).
ConClusIon
Many factors contribute to the increased susceptibility of preterm infants to develop and succumb to infection. Innate immunity comprised barriers, inflammatory response elements, and cells attempt to eradicate the infection or hold it in check until an antigen-specific adaptive immune response can be generated. While adaptive immunity in human newborns is significantly more developed at birth compared with most animal species, significant factors exist that impair a robust immune response to pathogens or vaccine antigens. A more complete understanding of the unique immune capabilities of neonates is a prerequisite to the development of effective interventions. 
